The failure micromechanisms in tension and fracture were evaluated in a 2618 A1 alloy reinforced with 15 vol. % Sic particulates with the help of quantitative microscopy. It was concluded that failure was due to the progressive fracture of the ceramic reinforcements during deformation, and that SIC particulates of larger size and elongated shape were more prone to fail than small, equiaxed ones.
INTRODUCTION
Particulate-reinforced metal-matrix composites (MMC) are usually made up of a light alloy (A1 or Mg) reinforced with high-modulus ceramic particulates, such as Al2O3 or Sic. They present better stiffness, strength, wear resistance and, in many cases, fatigue crack growth resistance than the corresponding unreinforced alloys. Additional advantages include the ability to be processed and machined by procedures similar to those employed for the monolithic alloys. However, their use in engineering applications is hindered by their limited ductility and fracture toughness, so it is not surprising that the failure micromechanisms have been the object of research activity to ascertain the causes of composite failure and devise strategies to enhance these properties. The problem is not an easy one, and the results have shown the dependence of the failure micromechanisms on several factors, such as the manufacturing route [l] and thermo-mechanical treatments [I-21. In fact, these investigations have pointed out that detailed studies are required for each particular material in order to determine the specific changes that should be introduced during fabrication to improve ductility and fracture toughness.
This paper studies the failure micromechanisms of a spray formed 2618 A1 alloy reinforced with 15 vol. % Sic particulates. Tensile tests at ambient temperature as well as fracture toughness tests in the temperature range -136OC to 190°C were carried out. The broken samples were carefully examined by optical and scanning electron microscopy to determine the failure processes.
The experimental results are discussed, and several recomendations to improve the ductility are provided.
MATERIALS AND EXPERIMENTAL TECHNIQUES
A spray formed 2618 A1 alloy reinforced with 15 vol. % of Sic particulates was used in this investigation. The material was supplied by Cospray (UK) in the form of extruded rectangular bars (cross section 25.4 mm x 62.5 mm). After extrusion, the bars were solution heat treated at 530°C for 1 hour, water quenched, and cold stretched up to 2% to relieve the residual stresses introduced by quenching. Afterwards, they were artificially aged at 190°C during 10 hours t o reach the peak-aged condition (T651), and tensile and fracture toughness specimens were machined from the bars. Several tensile specimens were then solution heat treated (1 hour at 530°C) to erase the effect of the prior thermo-mechanical treatments, quenched in water, and naturally aged at room temperature (T4).
The microstructural features in both tempers had been previously studied [3] . The grains were equiaxed, with an the average grain size of 15 pm. Rounded inclusions, with an average size around 3 pm, were distributed within the A1 alloy grains, at the grain boundaries, and at the Sic interfaces (Fig. la) . Energy dispersive X-ray microanalysis found the presence of Al, Fe and Ni. More detailed studies by X-ray diffraction confirmed that the inclusions were made up of a monoclinic A19NiFe intermetallic. The distribution and size of the inclusions was the same in both T4 and T651 conditions. Transmission electron microscopy studies detected the presence of S and S' precipitates (AlzCuMg) in the peak-aged condition but not in the naturally aged material. The S' precipitates were distributed throughout the matrix, and no precipitate free zones were observed. The S precipitates, on the other hand, were found mainly at the grain boundaries and at Sic interfaces as well as at the AlgNiFe/matrix interfaces (Fig. lb) . Optical micrographs taken from polished sections of the composite in the extrusion direction indicated that only 2% of the particulates were broken prior to testing. Most of the particulates were oriented with their longer axis in the extrusion direction. Tensile tests at an average strain rate of sec-' were carried out for each temper in the extrusion direction. Compact tension specimens (thickness 25.4 mm) in the peak-aged condition were employed for the fracture tests, the crack being oriented in the L-T direction. After fatigue precracking, the fracture tests were performed in stroke control, and the displacement rate was set to obtain a stress intensity factor rate of 0.6 MPafi/s. For elevated and low temperature fracture tests, the specimen was placed in a temperature chamber. Heating was achieved with the help of an electric resistance, and liquid nitrogen was used for cooling. The specimen temperature was measured with a K-type thermocouple, introduced into a 2 mm deep hole machined in the specimen. Heating (or cooling) rate was always lower than 5OC per minute. The specimen was held during 20 minutes at the test temperature (f 2OC) prior to testing, to ensure a homogeneous temperature distribution through the thickness.
Once broken, tensile and fracture specimens were sliced through the middle with a diamond saw and polished on Sic abrasive paper to 600 grit finish. This was followed by polishing on an a-alumina (0.3 pm) slurry, and finally on magnesia. The polished samples were first cleaned in deionized water, and afterwards by ultrasound in acetone. Optical and scanning electron microscope micrographs were taken from the polished surfaces at less than 4 mm from the fracture surface in the tensile specimens, and just below in the fracture specimens. The micrographs were studied by means of a computer-controlled image analysis system to determine the number, area, and aspect ratio of broken and intact particulates. In addition, the fracture surfaces were examined by scanning electron microscopy to ascertain the main failure mechanisms for each heat treatment, and temperature. RESULTS The ambient temperature mechanical properties are given in Table 1 , and the evolution of the fracture toughness with the temperature in the peak-aged condition is shown in Fig. 2 . The composite fracture surfaces exhibited microscopically a ductile appearance (Fig. 3) . Sic particulates were present in the fra.cture surfaces in both T651 and T4 conditions. Smaller voids around the intermetallic inclusions were also seen, speciaIIy in the T4 temper. The matrix was heavily deformed around the particulates and no interfacial debonding was seen. The fracture surfaces in the specimens tested at low and elevated temperatures exhibited the same features, and no significant influence of the temperature on the fracture surfaces was observed. The tensile specimens were sliced through the middle after failure, polished, and observed in the microscope to evaluate the micromechanisms of fracture in the loading direction near to and far away from the fracture surface. A number of particulates were fractured (Fig. 4) in both tempers, the cracks being oriented perpendicularly to the loading axis. Broken particulates were seen throughout the gage length. The Sic reinforcements and the intermetallic inclusions (which can be recognized in Fig. 4 by their smaller size and rounded shape) were well bonded to the matrix. The damage was concentrated on the Sic reinforcements, whereas no broken inclusions were seen far away from the fracture surface. The fraction of broken SiC particulates was 19.6% in the T651 temper and 18.1% in the T4 temper. The values for the specimens tested in fracture at different temperatures are given in Table 2 . A statistical study was carried out of the geometric characteristics (average area, A, maximum (Dm,,) and minimum (Dmin) diameters, and aspect ratio, Dmin/Dm,,) of broken and intact Sic Figure 4 . Fractured S i c particulates 3 mm below the fracture surface for the composite tested in the T651 temper. The cracks in the particulates were oriented perpendicularly to the loading axis (vertical). It is worth noting that no intermetallic inclusions (recognized by their smaller size and rounded shape) were broken far away from the fracture surface.
particulates. The results are shown in Figs. 5 and 6 for the specimens tested in tension, where the fraction of broken particulates is plotted as a function of the square root of the area, D, and of the aspect ratio, respectively. Also included in these graphs are the total number of particulates studied (including broken and intact ones) for each size and aspect ratio. The results in Figure  5a and 5b indicate that particulates with an average size smaller than 4 pm were never broken, and those in excess of 17 pm, on the contrary, were always broken. The oscillations in the fraction of broken particulates found in the sizes between 10 to 15 pm were due to the small number of particulates taken into account, which limits the accuracy of the statistical analysis. Figs. 6a and 6b show that the fraction of broken particulates decreased monotonically as the aspect ratio increased (more spherical shape). On the other hand, around 60% of the particulates with an aspect ratio equal to 0. -. ratures are shown in Table 3 . Also included in this table are the values for the total number of particulates studied, including broken and non-broken. The trends observed in the tensile specimens were mantained in those tested in fracture, regardless of the test temperature.
. . , , . . . , . . . , . . . , . . . DISCUSSION The experimental observations reported above clearly indicate that particulate fracture played a key role in the tensile ductility of this composite. This had already been reported for other particulate-reinforced MMC tested under monotonic [3-61 and fully-reversed cyclic loading [7] . Measurements of the degradation of the Young's modulus during deformation have indicated that particulate fracture takes place progressively during deformation, as the load transferred from the matrix increases, until a critical volume fraction of particulates is broken, leading to specimen failure [3-41. The results presented here provide additional information about the influence of the geometric characteristics of the reinforcement on its fracture probability. The analysis of the broken particulate size led to the conclusion that a size effect on the reinforcement fracture stress does exist. Large particulates are thus harmful to the composite tensile ductility, and they should be eliminated during processing, perhaps by sieving. On the other hand, particulates below 5 pm were rarely fractured. The probability of fracture increased rapidly with size (approximately with D3), reaching 50% for a size of 10 pm. Although these probabilities depend on the matrix strength and on the far-field applied strain, the results clearly demonstrate the beneficial effects of reducing the average particulate size. Preliminary studies [3] indicated that the probability of fracture follows the Weibull statistics, and that the Weibull modulus of the particulates is close to 1 Another finding of the statistical study is that elongated particulates oriented in the loading direction tend to fail earlier during deformation, because they carry more load. On the other hand, the composite modulus increases as the aspect ratio of the reinforcement decreases (more elongated particulates), and it is well known that whisker-reinforced MMC exhibit better elastic properties than particulate-reinforced MMC for the same volume fraction of reinforcement [8] . Thus it might be thought that high-strength defect-free, elongated whiskers oriented in the loading direction could be used as reinforcement to improve the ductility of metal-matrix composites. However, the experimental results do not show that whisker-reinforced MMC exhibit better ductility than those reinforced with particulates 181. This is because the mechanism controlling ductility in whiskerreinforced MMC is the nuclea.tion of cavities around the whisker ends and not whisker fracture [7, 91. In the composite tested here, where interfacial failure was never seen, the presence of elongated Sic particulates has two main consequences. On the one hand, the Young's modulus is improved because the load transfer is more efficient. On the other hand, elongated particulates attain their fracture stress earlier, reducing the overall ductility of the composite.
The dominant failure mechanism during fracture testing in the whole temperature range was also particulate fracture, as indicated by the observations on the fracture and lateral surfaces. The analysis of the geometric features of the particulates broken in the fracture tests led to the same results as in tension: the robability of fracture increased with A and decreased with Dm;,/Dm,,.
Previous attempts [lo-18 to model the fracture behaviour of particulate-reinforced MMC have emphasized the influence on of the interparticulate distance and of the volume fraction of reinforcement. Our experimental observations point out that the geometric characteristics of the particulates, and specially the size distribution, are also very important parameters which could influence strongly the overall fracture properties.
CONCLUSIONS
The failure mechanisms in tension and fracture in a spray formed 2618 A1 alloy reinforced with 15 vol. % Sic particulates were studied. The results indicated that the dominant failure micromechanism was particulate fracture, regardless of the heat treatment (either naturally aged or peak-aged) and the temperature (in the range -136OC to 190°C). The fracture probability of the reinforcement increased with the Sic particulate size, and elongated particulates oriented in the loading direction were more prone to fail than equiaxed ones. Thus, an improvement in the tensile ductilty is expected if the largest particulates are eliminated during processing, perhaps by sieving.
